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New granule cells are born throughout life in the dentate gyrus of the hippocampal formation. Given the fundamental
role of the hippocampus in processes underlying certain forms of learning and memory, it has been speculated that
newborn granule cells contribute to cognition. However, previous strategies aiming to causally link newborn neurons
with hippocampal function used ablation strategies that were not exclusive to the hippocampus or that were associated
with substantial side effects, such as inflammation. We here used a lentiviral approach to specifically block neurogenesis
in the dentate gyrus of adult male rats by inhibiting WNT signaling, which is critically involved in the generation of
newborn neurons, using a dominant-negative WNT (dnWNT). We found a level-dependent effect of adult neurogenesis
on the long-term retention of spatial memory in the water maze task, as rats with substantially reduced levels of newborn
neurons showed less preference for the target zone in probe trials >2 wk after acquisition compared with control rats.
Furthermore, animals with strongly reduced levels of neurogenesis were impaired in a hippocampus-dependent object
recognition task. Social transmission of food preference, a behavioral test that also depends on hippocampal function,
was not affected by knockdown of neurogenesis. Here we identified a role for newborn neurons in distinct aspects of
hippocampal function that will set the ground to further elucidate, using experimental and computational strategies, the
mechanism by which newborn neurons contribute to behavior.
[Supplemental material is available online at www.learnmem.org.]
Neural progenitors persist throughout life in the subgranular zone
(SGZ) of the dentate gyrus and continuously give rise to new
neurons (Zhao et al. 2008). Newborn granule cells pass through
several developmental steps, from a dividing progenitor to a ma-
ture granule cell that becomes indistinguishable from granule cells
born during embryonic development (Kempermann et al. 2004;
Laplagne et al. 2006; Suh et al. 2007). After an activity-dependent
selection process, newborn granule cells integrate into the pre-
existing dentate circuitry (van Praag et al. 2002; Kempermann
et al. 2003; Tashiro et al. 2006). Interestingly, there is a critical
period during which newborn neurons are more excitable than
neurons that were born during embryogenesis or early postnatal
(Schmidt-Hieber et al. 2004; Ge et al. 2007), suggesting that new
neurons might not simply replace mature cells but that they have
unique electrophysiological properties during early maturational
stages that are functionally important in the context of adult
neurogenesis.
The number of newborn neurons is not static but is dynam-
ically regulated by a variety of factors (Ming and Song 2005).
Manipulations to experimental animals that increase the number
of newborn granule cells, such as physical activity or environ-
mental enrichment, are associated with improved cognitive per-
formance, whereas aging and stress impair both neurogenesis and
hippocampus-dependent behavior (Kempermann et al. 1997;
Gould et al. 1999; van Praag et al. 2005; Montaron et al. 2006).
Thus, new neuronsmight be important for hippocampal function.
Indeed, one previous report suggested that newborn granule cells
become preferentially integrated into networks coding for spatial
memory (Kee et al. 2007). To date, a number of studies have tried
to link hippocampal neurogenesis and behavior by using a variety
ofmethods inmice and rats to block adult neurogenesis, including
cytostatic drugs, brain irradiation, and genetic ablation of dividing
progenitors throughout the adult brain (e.g., Shors et al. 2001;
Santarelli et al. 2003; Saxe et al. 2006; Winocur et al. 2006). These
studies have obtained variable and also partially contradictory
results, perhaps related to the method of knockdown, which
species is used, or the nature of the behavioral task. There is also
a technical challenge in studying the functional significance of
adult-born granule cells, because only a small fraction of the total
neuronal cell population is newborn at a given time, and one
would want to selectively manipulate this population.
We have previously shown thatWNTsignaling plays a pivotal
role in the generation of newborn neurons in the adult dentate
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gyrus (Lie et al. 2005). Inhibition of WNT signaling within the
dentate gyrus using a lentivirus expressing dominant-negative
WNT (dnWNT) almost completely abolished the formation of
newborn neurons without affecting progenitor division in any
other brain area (Lie et al. 2005). We utilized this strategy to block
neurogenesis in the hippocampus of adult rats. To this end, we
stereotactically injected into the dentate gyrus of rats with either
control virus or virus expressing dnWNT to inhibit the generation
of new neurons. Rats with normal levels of neurogenesis and rats
with mildly or strongly reduced levels of neurogenesis were
challenged with three hippocampus-dependent behavioral tasks.
By use of this approach, we identified a level-dependent role for
newborn neurons in the long-term retention of spatial memory and
in hippocampus-dependent forms of object recognition memory.
Materials and Methods
Animals and stereotactic injections
All animal procedures were performed in accordance with proto-
cols approved by the animal care use committee of the Salk
Institute for Biological Studies and the University of California,
San Diego. Animals were purchased from Harlan (San Diego, CA)
and kept under a constant 12-h light/dark cycle and with access to
food and water ad libitum. A total of 72 male, 7- to 8-wk-old
Sprague Dawley rats (175–200 g) were used. Experimental rats (n =
36) were injected in three independent cohorts (n = 12 per cohort)
with lentivirus-expressing CMV-driven dnWNT followed by an
internal ribosomal entry site (IRES)-green fluorescent protein
(GFP) from the same vector (see below). Control rats (n = 36) were
also injected in three cohorts with a lentivirus-expressing CMV-
driven GFP. For all surgeries, animals were deeply anesthetized
with a ketamine/xylazine mixture. A 30-gauge needle with point
style 4 (Hamilton) was used for all injections. The first two cohorts
received two intrahippocampal injections of 1.5 mL viral suspen-
sion (see below) at 3.2 a/p, 61.2 m/l, 4.1 d/v and 5 a/p, 62.9
m/l,3.8 d/v (all values from bregma) per side. In the third cohort,
we increased the number of injections to nine per dentate area (0.3
mL viral suspension per injection site). Coordinates for rats from
the third cohort were (a/p, m/l, d/v from Bregma) 2.4, 61, 4.1;
3.2, 61.2, 4.1; 4, 62, 3.7; 4.8, 63, 3.8; 5.4, 63.4, 4;
5.4, 64.4, 7.2; 6, 64, 4.2; 6, 64, 7.4; 6.3, 64.4, 4. All
injections were performed manually with an injection rate of 0.1–
0.3 mL/min.
Lentiviral vector production
We used the previously described lentiviral vectors (Lie et al.
2005): The transfer vector CSC.cPPT.hCMV.eGFP.Wpre (express-
ing GFP) or CSC.cPPT.hCMV.dnWNT.iresGFP.Wpre (expressing
dnWNT and GFP from the same vector) and the packaging
plasmids pMDLg/pRRE, pRSV-Rev and pMD2.VSV-G. LV stocks
were produced by calcium phosphate transfection into 293T cells,
as previously described (Follenzi and Naldini 2002; Tiscornia et al.
2006). Briefly, supernatants were collected, passed through a 0.22-
mm filter, and purified by ultracentrifugation as described. Expres-
sion titers were estimated on 293T cells by limiting dilution.
Concentrated vector expression titer ranged from 1 3 109 and 1
3 1010 transducing units (TU)/mL for each vector. All viral stocks
used for injections were diluted to 1 3 109 TU/mL.
Histology
Animals were deeply anesthetized and transcardially perfused
with 0.9% NaCl followed by 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (pH 7.4). Brains were fixed for an additional
24 h in 4% PFA and then transferred into 30% sucrose. Forty-
micrometer-thick coronal sections were cut using a sliding micro-
tome. Immunohistochemistry was performed as described pre-
viously (Jessberger and Kempermann 2003). Every 12th section
was stained using antibodies against DCX (1:250, Santa Cruz
Biotechnology) and GFP (1:500, Molecular Probes, Millipore). All
sections were also stained with 49,6-diamidino-2-phenylindol
(DAPI, 1:5000, Sigma). DCX-positive cells were counted through-
out the rostrocaudal extent of the granule cell layer (GCL) of the
dentate gyrus on both sides using a 203 objective and an upright
epifluorescence microscope (Eclipse E800; Nikon). The derived
numbers were thenmultiplied by 12 to obtain the total number of
DCX-positive cells per animal. To analyze the coverage of the GCL
by viral expression, we used the trace function of the Stereo-
Investigator software (MicroBrightField) controlling an epifluor-
escence microscope (Nikon Eclipse E600). The total area of the
GCL was measured by the DAPI signal; lentivirus-transduced areas
were measured by GFP expression using every twelfth section
throughout the rostrocaudal extent of the hippocampus.
Behavioral tasks
Behavioral testing was started 8–9 wk after injection of lentiviral
vectors. Each group was trained first on the water maze task and
then later given retention tests. Each rat was also given a test of
object recognition memory (novel object recognition [NOR]; with
three different delay intervals), and cohorts 1 and 3 were given
a test of social transmission of food preference (STFP). Accordingly,
each rat was given acquisition training on the water maze task and
then a retention probe trial that was presented 2 wk, 4 wk, or 8 wk
after the last day of acquisition training. Each rat was also tested
on the object recognition task with delay intervals of 1 min, 3 h,
and 4 wk. Rats tested on the STFP task were given a 48-h retention
interval. Finally, each rat was then given acquisition training on
a new water maze in a different room or reversal training on the
same water maze (cohorts 1 and 2). The order of the object
recognition test and the STFP test were counterbalanced, as were
the delay intervals of the object recognition memory test (see
Supplemental Fig. 1).
Water maze
The benchmark test of spatial memory in the rodent is the water
maze (Martin and Clark 2007). Lesions of the hippocampus that
encompass as little as 30%–50% of total hippocampal volume
cause severe impairment on this task (Moser et al. 1993, 1995;
Broadbent et al. 2004).
Apparatus
Testing was conducted in the Morris water maze (diameter 1.8 m)
with an ‘‘Atlantis platform’’ (diameter 12.7 cm) (Spooner et al.
1994), which could be raised or lowered remotely during a trial.
The platform was located in the center of the northeast quadrant
of the pool throughout testing. The water was rendered opaque by
the addition of powdered milk, and four 30-W spotlights pointed
at the ceiling illuminated the room. The water was maintained at
23°C. The testing room contained a number of constant, salient
visual cues (posters, objects, and equipment). A video camera was
mounted on the ceiling directly above the pool and was used, in
conjunction with a video tracking system (San Diego Instru-
ments), to record the swim path of each rat.
Spatial training
Each rat received one training session each day for 7 d. Each daily
session began with a single reinforced probe trial, followed by four
training trials. For the probe trials, the platform was lowered so
that it was inaccessible, and the rat was placed in the water facing
the pool wall at one of four start points (north, south, east, or
west). The start point used was counterbalanced across trials for all
Neurogenesis is involved in hippocampal learning
www.learnmem.org 148 Learning & Memory
animals. Upon release into the water, the rat was allowed to swim
for 60 sec, at which point the platform was raised to within 1.5 cm
of the water surface. An additional 60 sec were then allowed for the
rat to locate the platform and escape from the water. After
escaping, the rat remained on the platform for 30 sec before being
removed. If the rat failed to escape, it was guided to the platform
and remained there for 30 sec.
The performance measure was the percentage of time that
animals spent in a 30-cm-diameter circular zone surrounding the
platform location (4% of the total pool surface area, chance 4%).
Previous work has indicated that basing water maze performance
on the time spent in a small circle around the platform location
provides a more sensitive measure of memory than the standard
measure of time spent in the training quadrant (Moser et al. 1993).
Whereas the quadrant measure indicates whether animals re-
member the general location of the platform, the small circle
measure assesses how well animals remember its exact location.
Retention probes
Following acquisition, subsets of rats were given a 60-sec retention
probe trial after a 2-, 4-, or 8-wk retention delay.
New spatial learning
Following the retention probes, each rat was tested for new spatial
learning ability by training with a new platform location (cohorts
1 and 2) or on a new water maze (cohort 3). This training protocol
was identical to the initial acquisition protocol.
Novel object recognition (NOR)
The NOR task takes advantage of a rodent’s spontaneous prefer-
ence to explore novel objects relative to familiar objects. This test
is the benchmark test of recognition memory in the rodent and is
dependent on the integrity of the hippocampus (for review, see
Squire et al. 2007).
Apparatus
NORwas tested inanopaqueplastic chamber (35 cm341.5cm350
cm high). A video camera mounted on the wall directly above the
chamber was used to record the testing session for offline analysis.
Overhead fluorescent lighting illuminated the testing area.
Procedure
A single NOR trial consists of a familiarization phase (encoding)
followed by a prescribed delay interval and then a test phase
(retrieval). During the familiarization phase, the rat was allowed to
explore and become familiar with two identical objects placed side
by side in the chamber. Following the familiarization phase, delay
intervals of 1 min, 3 h, and 1 mo intervened before the test phase
(the order of delay intervals was counterbalanced across rats). For
the 1-min and 3-h delay intervals, a single 15-min familiarization
phase was presented before the test phase. For the 1-mo delay,
each animal was given 15 min of familiarization phase exposure
(using the identical pair of objects) each day for four consecutive
days.
During the test phase, the rat was allowed to explore two
objects placed side by side (one novel object and a third, identical
copy of an object from the familiarization phase). We scored
object exploration (nose within 2 cm of object and vibrissae
moving) (see Clark et al. 2000) until the rat accumulated 30 sec
of contact time with the objects. The dependent measure was the
percentage of time that a rat spent exploring the novel object
during the 30 sec of object exploration. Which object was novel
and the left/right position of the novel object was counterbal-
anced within each group, and new pairs of objects were used for
each NOR test. The experimenter was blind to the group member-
ship of the rats during testing and offline data analysis.
Social transmission of food preference
In STFP, a ‘‘demonstrator’’ rat that has recently eaten a scented
food is exposed to a ‘‘subject’’ rat. Subsequently, the subject rat
expresses its memory for the odor through a preference for the
same scented food. During this social interaction, the subject rat
makes an association between the food odor and constituents of
the demonstrator’s breath (Galef Jr. et al. 1983). Subsequently,
when the subject rat is presented with a choice between two
odorous foods, the subject rat expresses a memory for the acquired
association by choosing the same food odor that was present on
the demonstrator’s breath. This task is sensitive to hippocampal
dysfunction (Winocur 1990; Bunsey and Eichenbaum 1995;
Alvarez et al. 2001; Winocur et al. 2001; Clark et al. 2002; Ross
and Eichenbaum 2006).
Procedure
The task consisted of three distinct phases.
Phase I
Demonstrator rats were first accustomed for 4 d to a routine of 23 h
of food deprivation, followed by 1 h of feeding. During the
feeding, 40–50 g of meal chow was available in a glass jar attached
to the floor of the demonstrator’s cage. Following the feeding
session, the food was weighed, and the amount of food eaten was
recorded.
Phase II (interaction)
Demonstrator rats were next exposed to flavored meal chow
during each day’s 1-h feeding session (1% cinnamon, i.e., 1 g
cinnamon/100 g meal chow, or 2% cocoa, i.e., 1 g cocoa/50 g meal
chow). Each demonstrator was fed only one of the two flavors.
After 4 d, when demonstrator rats were always eating at least 5 g of
the flavored food during the daily feeding session, the demon-
strator rat was allowed to interact with a subject rat for 30 min.
Specifically, the demonstrator rat was placed in the home cage of
a subject rat but separated from the subject rat by a cylinder-
shaped wire screen. The subject rat was food deprived for 1 h
before the interaction, and no food or water was available to either
rat during the interaction. The subject and demonstrator rats were
always unfamiliar with each other.
Phase III (test)
Followinga 48-hdelay, the subject ratwas fooddeprived for 8hand
then presented in its home cage with a choice of a novel food and
the food that the demonstrator rat had consumed before interact-
ing with the subject rat (familiar food). Two jars were attached to
the floor of the subject rat’s cage and remained in place for 2 h. One
jar was filled withmeal chow flavored with 1% cinnamon, and the
other jar was filled with meal chow flavored with 2% cocoa. The
familiar flavor (cinnamon or cocoa) was counterbalanced across all
conditions, as was the right or left location of the familiar food. At
the end of the 2-h feeding period, the jars were weighed and the
amount of food eaten from each jar was recorded. The percentage
preference for the familiar food was calculated as [F/(F +N)3 100],
where F is the amount of familiar food consumed and N is the
amount of novel food consumed.
Results
Lentivirus-mediated knockdown of neurogenesis
Dividing progenitor cells are present in many areas of the adult
brain. However, new neurons are generated only in two distinct
areas, the subventricular zone (SVZ) of the lateral ventricles and
the SGZ of the dentate gyrus, suggesting the existence of local cues
that enable the formation and maturation of newborn neurons.
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We stereotactically injected three independent cohorts of
adult male rats with control lentivirus expressing GFP or with
lentivirus expressing dnWNT into the dentate area (Fig. 1A). Levels
of neurogenesis weremeasured by quantifying the number of DCX-
expressing cells. DCX is a microtubule-associated protein that is
transiently expressed in the course of adult neurogenesis. The
number of DCX-expressing cells directly correlates with conven-
tional measures of adult neurogenesis, such as BrdU/NeuN co-
labeling, making it a suitable endogenous marker of adult neuro-
genesis under conditions where repeated intraperitoneal injections
of BrdU might cause stress-related behavioral effects. Confirming
our previous results, injection of dnWNT substantially decreased
the number of DCX-expressing cells in the SGZ (GFP = 11,655 6
SEM 465 vs. dnWNT = 6628 6 818 SEM; t(70) = 5.3, P < 0001) (Figs.
1B, 2), and this reduction was apparent and reliable in both the
dorsal and ventral portions of the hippocampus.
Experimental groups
There was considerable variability in the degree of neurogenesis
knockdown (Fig. 2). For the experimental group, DCX cell counts
were expressed as a percentage of the mean DCX counts for the
control group. We noted that several subjects had higher DCX
counts than the control mean and many more had only modest
levels of DCX reduction. Accordingly, at 35% of control level we
split the experimental group into a high- and low-knockdown
group (HIGH-KD and LOW-KD, respectively). The mean for the
HIGH-KD group (mean DCX counts = 2988 6 226 SEM) was 26 6
1.9% of controls, and the mean for the LOW-KD group (mean
DCX counts = 9886 6 1085 SEM) was 85 6 9.3% of controls. In
this way, we tested the function of newborn neurons in hippo-
campus-dependent behavior in a dose-dependent manner.
Spatial learning and memory
Acquisition
Figure 3A shows probe trial performance during the 7 d of
acquisition training. A repeated-measures ANOVA revealed a main
effect of training day (F(6,396) = 60.34, P < 0.0001) but no effect of
group (F(2,396) = 0.13, P > 0.1). The same findings were obtained
when we measured the time spent in the
training quadrant (main effect of training
day, F(6,396) = 68.30, P < 0.0001; no group
effect, F(2,396) = 0.71, P > 0.1) and when
we analyzed the latency and distance the
animals swam to find the platform (data
not shown). Thus, the three groups ac-
quired the water maze task equally well.
Retention
Three delay intervals were tested: 2-wk
(control n = 6; HIGH-KD n = 1; LOW-KD
n = 5), 4-wk (control n = 18; HIGH-KD n =
14; LOW-KD n = 4), or 8-wk retention
delay (control n = 12; HIGH-KD n = 2;
LOW-KD n = 10). The average delay in-
terval based on group membership was
control = 35 d, HIGH-KD = 31 d, and
LOW-KD = 39 d. The retention perfor-
mance of the control group across the
three delay intervals was not different
(ANOVA; F(2,33) = 1.3, P = 0.30; F(2,33) =
0.4, P = 0.70 for circle and quadrant
measures, respectively). Thus, to evaluate
retention, we combined performance
scores across all three retention delay
intervals (Fig. 3B). For the small training
zone, the HIGH-KD group was impaired relative to the LOW-KD
group (t(34) = 2.2, P < 0.05) and marginally impaired relative to the
control group (t(51) = 1.92, P = 0.06). The LOW-KD and control
Figure 1. Lentiviral expression of dnWNT reduces levels of adult hippocampal neurogenesis. (A)
Stereotactic injection of lentiviral vectors effectively targets the adult dentate area. Shown is an example
of an animal that had received two intrahippocampal injections of control lentivirus expressing GFP
(green). Note that GFP expression is largely confined to the dentate area, spanning from anterior parts
of the dentate gyrus to posterior areas (numbers in the left lower corner are approximate distances from
bregma). Arrowheads point towardmossy fibers extending from lentivirus-transduced granule cells. (B)
Lentiviral expression decreases the number of newborn neurons expressing DCX (red, arrowheads in B).
Shown are areas that were transduced (expressing GFP, green) with a control lentivirus (left panels) or
dnWNT-expressing lentivirus (right panels). Single channels for GFP and DCX are shown in small panels
below multichannel images. Scale bars, 300 mm (A), 10 mm (B). GCL indicates granule cell layer; HL,
hilus; and CA3, cornu ammonis area 3.
Figure 2. The distribution of hippocampal neurogenesis knockdown.
Circles represent a single animal’s DCX cell count expressed as a percent-
age of the mean DCX count for the control group. There was considerable
variability in the degree of neurogenesis knockdown. Accordingly, we
split the experimental group into high- and low-knockdown groups.
Animals with knockdowns less than 35% of controls were designated
HIGH-KD. The mean group knockdown for this group was 26% of
controls. Animals with knockdowns that were greater than 35% of
controls were designated LOW-KD. The mean group knockdown for this
group was 85% of controls.
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groups performed similarly (P > 0.1). For the training quadrant
measure, the HIGH-KD group was marginally impaired relative to
the LOW-KD group (control = 51.2 6 2.7%; HIGH-KD = 47.3 6
3.1%; LOW-KD = 58.86 3.9%; t(34) = 1.92, P = 0.06). The HIGH-KD
and control groups performed similarly (t(51) = 0.97, P > 0.1). All
groups performed above chance on both the zone and quadrant
measures (all ts > 5.5, all Ps < 0.001). This finding indicates that
although the HIGH-KD group was impaired, all groups were
exhibiting substantial memory retention.
New spatial learning
A repeated-measures ANOVA revealed amain effect of training day
(F(6,342) = 36.71, P < 0.0001) but no effect of group (F(2,342) = 0.02,
P > 0.1) when a circle analysis was used. The same findings were
obtained when we measured the time spent in the training
quadrant [main effect of training day (F(6,342) = 63.85, P <
0.0001), no group effect (F(2,342) = 0.01, P > 0.1)]. These findings
indicate that the three groups acquired the new water maze task
equally well.
Novel object recognition
Retention test
For the 1-min delay interval, all groups performed above chance
(all ts > 4.21, all Ps < 0.01) and there were no group differences (ts <
1.03, Ps > 0.10). This indicates that all of the groups exhibited
substantial memory retention at this delay (Fig. 4). For the 3-h
delay interval, the HIGH-KD group failed to perform better than
chance levels (t(16) = 1.71, P > 0.1) and also performedmore poorly
than the LOW-KD group (t(34) = 2.28, P < 0.05). The LOW-KD and
control groups performed similarly (ts < 1.61, P > 0.10), and both
groups performed above chance (ts > 6.12, Ps < 0.01). For the 1-mo
delay interval, no significant group differences emerged (ts < 0.96,
P > 0.10). Nonetheless, the LOW-KD and control groups prefer-
entially explored the novel object as their preference was above
chance (ts > 2.52, Ps < 0.05), indicating some preserved memory
retention. In contrast, the HIGH-KD group failed to demonstrate
preserved memory retention as they did not spend significantly
more time exploring the novel object and did not perform above
chance (t(16) = 1.76, P = 0.10), indicating a substantial difference in
the performance of the HIGH-KD groups
compared with LOW-KD and control
groups (Fig. 4).
Social transmission of food
preference
Retention test
For the 48-h delay interval, all groups
performed above chance (all ts > 3.25, all
Ps < 0.01) and there were no group differ-
ences (ts < 1.50, Ps > 0.10). This indicates
that all three groups showed substantial
and equal memory retention (Fig. 5).
Discussion
We have used a lentivirus-based strategy
to block neurogenesis in the dentate
gyrus. Using this approach, we identified
a role for newborn granule cells in the
long-term retention of spatial memory
and object recognition memory, whereas
a third hippocampus-dependent task was
unaffected.
In the spatial memory task (water
maze), acquisition progressed normally in all groups. Yet when
retention tests took place 2–8 wk later, the group with the most
knockdown of neurogenesis (HIGH-KD) performed more poorly
than the LOW-KD and control groups. When the groups were
trained in a new water maze, all groups learned equally well. This
finding suggests thatmemory abilitywas not simply declining across
time but rather was specific to the demanding long-retention tests.
For the object recognition task, all three groups performed
above chance and equally well at a retention delay of 1 min. Yet at
the more demanding delay intervals of 3 h and 4 wk, group
differences emerged. At the 3-h delay, the HIGH-KD group failed
to perform above chance and performed more poorly that the
LOW-KD group. At the 4-wk delay, the HIGH-KD group was the
only group that failed to perform above chance, whereas the LOW-
KD and control groups spent significantlymore time exploring the
novel object even at long retention intervals. These findings can
be contrasted with the normal performance of the HIGH-KD
group on the STFP task.
With respect to spatial memory, results from previous studies
are not in agreement.Whereas some studies found no impairment
Figure 3. Water maze probe trial performance across 7 d of acquisition training (A), performance on
a retention probe trial given after a 2- to 8-wk retention interval (B), and probe trial performance across
7 d of acquisition training for a new platform location (C). Black circles represent the control group (n =
36), white circles represent the high-knockdown group (n = 17), and black squares represent the low-
knockdown group (n = 19). Asterisk indicates impaired performance of the high-knockdown group
relative to the low-knockdown group (P < 0.05).
Figure 4. Percentage of preference for the novel object across the
1-min, 3-h, and 4-wk delay intervals. Black circles represent the control
group (n = 36), white circles represent the high-knockdown group (n =
17), and black squares represent the low-knockdown group (n = 19).
Asterisk indicates impaired performance of the high-knockdown group
relative to the low-knockdown group (P < 0.05).
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in the water maze (using irradiation and MAM) (Shors et al. 2002;
Meshi et al. 2006), others described substantial deficits in long-
term retention (using irradiation [Snyder et al. 2005] or diphtheria
toxin-based ablation of new neurons [Imayoshi et al. 2008]) or
even impairment in the acquisition phase of spatial learning
(using genetic ablation of TLX or transgenesis-mediated ablation
of newborn cells) (Dupret et al. 2008; Zhang et al. 2008). The
explanation for these discrepancies remains unclear, but it seems
reasonable to suppose that the differences are related to the
method used to block neurogenesis. In addition, species differ-
ences and training protocols could be contributing factors. Our
results, which are based on a dentate-specific block of newborn
neurons, identify a role for new neurons in the long-term
expression of spatial memory in adult rats. It is noteworthy that
the phenotype observed here is not consistent with a full dentate
gyrus lesion. Complete lesions of the dentate gyrus produce
substantial impairment in water maze acquisition (Xavier et al.
1999) as do lesions that disconnect CA3 from CA1 (Brun et al.
2002; but see Nakashiba et al. 2008). Further, because our method
leaves the dentate gyrus as a whole intact, future studies will have
to determine if depletion of neurogenesis results in impaired
performance in tasks that are specifically designed to assess the
function of the dentate gyrus, such as tests of pattern separation
(e.g., Gilbert et al. 2001).
We also found a significant impairment in a hippocampus-
dependent form of object recognition memory. Consistent with
this observation, there is evidence that aging, which is associated
with a dramatic decline in the number of newborn neurons, is also
associated with a decline in object recognition in rodents and
humans (Schacter et al. 1992; Scali et al. 1997). Furthermore,
another recent study showed that the improved object recogni-
tion performance associated with environmental enrichment is
dependent on the generation of new neurons (Bruel-Jungerman
et al. 2005). Thus, the data presented here indicate that adult
neurogenesis is important for object recognition memory (i.e.,
when the delay interval is 3 h or longer).
Earlier studies aiming to understand the contribution of
newborn neurons to context memory are also controversial. For
example, classical conditioning of context fear has been reported
to be impaired after blocking neurogenesis (Saxe et al. 2006;
Winocur et al. 2006; Imayoshi et al. 2008; Wojtowicz et al.
2008), whereas contextual fear conditioning has also been
reported to be intact after blocking hippocampal neurogenesis
(Dupret et al. 2008; Zhang et al. 2008).
The finding that new granule cells are born throughout life in
the mammalian dentate gyrus has triggered considerable specula-
tion about how neurogenesis might contribute to hippocampus-
dependent behavior, and a number of studies have been carried
out to explore this issue. The first studies aiming to link neuro-
genesis causally with behavior used cytostatic drugs such as
methyl-azoxy-methanol (MAM), which blocks cell proliferation
(Shors et al. 2001, 2002). However, this strategy caused potentially
severe side effects due to inhibition of cell proliferation in the
whole animal, complicating the interpretation of the results
(Dupret et al. 2005). More recent studies used transgenic mice
expressing thymidine kinase under the control of promoters that
are active in neural stem cells, such as glial fibrillary acidic protein
(GFAP). This manipulation led to a substantial reduction of
neurogenesis after Ganciclovir injection (Garcia et al. 2004; Saxe
et al. 2006, 2007). However, the behavioral phenotype was
difficult to interpret because blocking of the dividing precursors
occurred not only in the dentate gyrus but also in a second
neurogenic area, the SVZ of the lateral ventricles (and potentially
in other organs, such as intestines in the case of GFAP) (Bush et al.
1998). A similar expression in the SVZ occurred after the condi-
tional deletion of a key gene for neural stem cell maintenance/
differentiation, the transcription factor TLX (Zhang et al. 2008).
Improved spatial restriction was subsequently obtained by more
focal hippocampal irradiation, which resulted in robust and
persisting depletion of dividing progenitors in the dentate area
(Santarelli et al. 2003; Saxe et al. 2006). However, irradiationmight
also affect post-mitotic neurons and cause a substantial inflam-
matory response (Monje et al. 2003).
We have tried to overcome the technical concerns of these
earlier studies by using a lentivirus-based strategy that specifically
targets the dentate gyrus. We had previously shown that WNT
signaling is critically involved in hippocampal neurogenesis, and
in our current study, we used multiple bilateral injections of
a lentivirus expressing a dnWNT to inhibit functional WNT
signaling (Lie et al. 2005). With this approach, we were able to
(1) restrict genetic manipulation to the dentate gyrus; (2) block
neurogenesis exclusively in the dentate gyrus and not in other
neurogenic areas; (3) initiate the block at a specific time in
adulthood; (4) use wild-type animals, avoiding potential genetic
background effects; and (5) use rats in which hippocampal
function is well-characterized based on extensive work with
lesions.
Our approach also has potential complications. There is
evidence that WNT signaling might be implicated in synaptic
plasticity ofmature dentate granule cells (Chen et al. 2006; see also
Beaumont et al. 2007). Thus, one should consider the possibility
that the lentivirus-based expression of a dnWNT interfered with
synaptic plasticity in post-mitotic granule cells. However, previous
work has indicated that blocking hippocampal synaptic plasticity
(by blocking NMDA receptors and LTP) does not impair spatial
memory retention in the water maze but does impair acquisition
(Steele and Morris 1999; Day and Morris 2001; Bast et al. 2005).
Because our findings are the reverse (intact acquisition, impaired
retention) of this pattern of impairment, it is unlikely that
impaired synaptic plasticity of post-mitotic granule cells was
a contributing factor.
A number of hypotheses have been developed to explain how
new neurons might contribute to hippocampal function
(Schinder and Gage 2004; Becker 2005; Aimone et al. 2006;
Kempermann 2008). Newborn neurons represent only a small cell
population within the adult dentate gyrus. How might this
relatively small number of cells influence the function of hippo-
campal circuitry? Interestingly, at the age of ;3–5 wk, new
neurons differ substantially frommature granule cells. One feature
of young newborn neurons that distinguishes them from mature
granule cells is that they exhibit a reduced threshold for induction
of long-term potentiation (LTP) (Wang et al. 2000; Schmidt-Hieber
et al. 2004; Ge et al. 2007). Accordingly, it has been proposed that
Figure 5. Percentage of preference for the familiar food following
a 48-h delay. Black bar represents the control group (n = 36), white bar
represents the high-knockdown group (n = 17), and the striped bar
represents the low-knockdown group (n = 19). All groups performed
above chance and equally well.
Neurogenesis is involved in hippocampal learning
www.learnmem.org 152 Learning & Memory
the new neurons that are young when events occur have a spe-
cialized role in encoding and storage and in temporally relating
one event to another (Aimone et al. 2006).
The use of established hippocampus-dependent behavioral
tasks is a logical starting point for understanding the contribution
of adultneurogenesis in thehippocampus tobehavior. Tests suchas
the water maze are sensitive to conventional hippocampal lesions
and even conventional lesions targeting the dentate gyrus (Xavier
et al. 1999). However, these hippocampus-dependent tests yielded
only a modest impairment in the water maze task when neuro-
genesis was blocked. Furthermore, new neurons appear not to be
involved in all hippocampus-dependent forms of learning and
memory, as no impairment occurred for STFP. The challengewill be
to design tasks that depend on the specific contribution provided
by newborn neurons in the context of current ideas about hippo-
campal function. In this regard, it is also important to note that our
data suggest that neurogenesis is involved in somebutnot all forms
of hippocampus-dependent learningmemory, because experimen-
tal animals were impaired in retention of spatial and object
recognition memory yet performance on the STFP task was not
affected. The design of tasks that are sensitive to the status of
neurogenesis will likely be guided by the known effects of hippo-
campal lesions, by the particular characteristics of newborn cells,
andby the computationalmodels thatmakepredictions abouthow
newborn cells can influence hippocampal function.
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